Acetylation of the ε-amino group of Lys residues was initially identified on histones four decades ago 1 and is now known to occur in different organisms for the regulation of diverse cellular processes
. This modification is reversed by Lys deacetylases (KDACs; BOX 1) . Because histones were first identified as the substrates in 1969 (ref. 2) , eukaryotic KDACs are often referred to as histone deacetylases (HDACs). In 1978, butyrate was discovered to be a nonspecific HDAC inhibitor [3] [4] [5] , and the fungal antibiotic trichostatin A was identified in 1990 as the first specific inhibitor 6 . Using a similar inhibitor as an affinity tag, in 1996 Taunton et al. 7 purified the first HDAC (now known as HDAC1) from cow protein extracts and discovered it to be an orthologue of yeast Rpd3 (reduced potassium dependency-3; fIG. 1a). Because yeast genetics had already established Rpd3 as a global gene regulator 8 , the unexpected sequence similarity strengthened the link between histone acetylation and gene regulation. Two independent studies confirmed the multiplicity of HDACs 9, 10 and, together with the identification of HDAC1, led to the notion that these enzymes can function as transcriptional corepressors and spurred the search for additional members of the Rpd3/Hda1 (histone deacetylase-1) family 11 (fIG. 1; see also Supplementary information S1 (figure)).
In 2000, the Sir2 (silent information regulator-2) or sirtuin (Sir2-like protein) family of NAD + -dependent deacetylases was discovered 12 , which led to the designation of the zinc-dependent Rpd3/Hda1 family as the 'classical family' 13 . HDACs can also be grouped according to phylogenetic analysis and sequence homology [14] [15] [16] . In this classification system, the sirtuin family constitutes class III, whereas the classical or Rpd3/Hda1 family is grouped into classes I, II and IV (fIG. 1), with class II being further divided into two subclasses (IIa and IIb). Such subclass division is also necessary to accommodate classification of members from Caenorhabditis elegans, Drosophila melanogaster and zebrafish (Supplementary information S1 (figure)).
The HDAC field has expanded at an amazing pace, owing largely to the following three factors. First, chromatin research has exploded over the past 10-15 years and HDACs have a key role in deacetylating nucleosomes, interacting with other chromatin regulators and shaping epigenetic landscapes 17, 18 . Second, in addition to histones, these enzymes deacetylate numerous transcription factors and many other proteins that are important for a multitude of cellular processes in eukaryotic and prokaryotic systems (BOXes 1,2). Finally, HDAC inhibitors have great potential for treating cancer and other diseases 19, 20 . Most HDAC inhibitory compounds that are currently under clinical evaluation target the Rpd3/Hda1 family.
This review covers recent findings relating to the Rpd3/ Hda1 family of deacetylases. We first discuss the domain organization and three-dimensional structure of the mammalian members and compare this organization to that of homologues in yeast and other model organisms. We then describe multisubunit complexes of class I and II HDACs, roles of class IIa members in signal transduction, and cytoplasmic functions of the class IIb member HDAC6.
Finally, we discuss how these molecular and cellular studies are related to genetic analyses in mice, C. elegans and D. melanogaster, as well as the implications for pathology and drug development. Two themes link the various sections of this review: first, how sequence homology among deacetylases predicts their structure, function and regulation; and, second, how a simple catalytic domain co-evolves with different motifs and modules to connect functions in diverse cellular processes from various organisms. Both themes represent fundamental issues that are relevant to many other protein families.
Domain organization of Rpd3/Hda1 HDACs
In humans, class I of the Rpd3/Hda1 family comprises HDAC1, -2, -3 and -8, class IIa members include HDAC4, -5, -7 and -9, whereas class IIb members are HDAC6 and -10 (fIG. 1). While members of class I are homologous to yeast Rpd3 and class II HDACs are more related to yeast Hda1, HDAC11 shows similar homology to both Rpd3 and Hda1 and is thus grouped into a separate class (class IV).
Domains and motifs of class I HDACs. As a founding member of class I, Rpd3 from budding yeast comprises an N-terminal deacetylase domain and a C-terminal tail 8, 10 (fIG. 1a) . Both regions are conserved in Clr6 (cryptic locus regulator-6) from Schizosaccharomyces pombe 21 , but only the catalytic domain is conserved in the bacterial deacetylase AcuC (BOX 2) and in class I members from higher eukaryotes 13 . Mammalian HDAC1 and HDAC2 are almost identical, and in addition to homologous catalytic domains, they share homology in the C-terminal tail, which harbours tandem casein kinase-2 (CK2) phosphorylation sites 22 . The tail of HDAC1 also contains a sumoylation motif 22 . There are three orthologues of HDAC1/2 in C. elegans, but only one in D. melanogaster or zebrafish (Supplementary information S1 (figure) ). Unlike HDAC1, HDAC3 is only conserved from flies to mammals ( fIG. 1 and Supplementary information S1 (figure) ). HDAC3 differs slightly from HDAC1 and HDAC2 in that it has only one CK2 phosphorylation site 23 . HDAC8 is present in the sea urchin Strongylocentrotus purpuratus, but not in C. elegans or D. melanogaster, suggesting that this deacetylase is deuterostome specific. Instead of CK2 sites, this deacetylase has a conserved motif (Supplementary information S2a (figure)) for protein kinase A phosphorylation and negative regulation of deacetylase activity 24, 25 . Domains and motifs of class II HDACs. Hda1 from budding yeast consists of an N-terminal deacetylase domain and a long C-terminal extension of unknown function (fIG. 1b) . This domain organization is conserved in cryptic locus regulator-3 (Clr3), a class II member from S. pombe. By contrast, only the deacetylase domain is shared by metazoan homologues 14, 15, 26 (fIG. 1b) . In addition to the deacetylase domain, a long N-terminal extension is conserved among the class IIa members (HDAC4, -5, -7 and -9) in mammals. This N-terminal extension contains binding sites for myocyte enhancer factor-2 (MeF2) and 14-3-3 proteins. The MeF2-binding motif is conserved from C. elegans to mammals 26 (Supplementary information S1 (figure)) and has a resemblance to sites in other MeF2-binding proteins 27 . only one or two of the 14-3-3 binding sites are conserved in C. elegans and D. melanogaster (Supplementary information S1 (figure)), but three are present in an orthologue from the sea urchin (Supplementary information S2b (figure)). Consistent with the sequence conservation, MeF2 and 14-3-3 are major binding partners of class IIa HDACs. HDAC3 appears to be responsible for the deacetylase activities that are associated with HDAC4 and HDAC7 (ref. 28) . Consistent with this, mammalian class IIa members have low deacetylase activity as a result of a Tyr→ His substitution 29 . This substitution occurs in zebrafish, but not in C. elegans, D. melanogaster or the sea urchin (Supplementary information S2b (figure)), which implies that it is vertebrate specific. Interestingly, an equivalent Tyr residue is not essential for the esterase activity of an HDAC-like bacterial protein 30 . It will be important to determine how the substitution is reflected with regard to the function and regulation of class IIa deacetylases in vertebrates.
Unlike class IIa members, HDAC6 contains tandem deacetylase domains and a C-terminal zinc finger (fIG. 1b and Supplementary information S1 (figure)), and has emerged as a major cytoplasmic deacetylase. The zinc finger can bind ubiquitin, and its core sequence is similar to Znf-UBP (ubiquitin C-terminal hydrolase-like zinc finger) 26, 31 . An se14-repeat domain that is found in figure) . This modification has been extensively studied in the past decade. It is now known that N ε -acetylation not only modifies histones and transcription factors (>60 identified to date), but also targets proteins that are involved in DNA repair and replication, metabolism, cytoskeletal dynamics, apoptosis, protein folding and cellular signalling [130] [131] [132] . In particular, many mitochondrial proteins appear to be acetylated 124, 133 (see also BOX 2) . This modification even occurs in bacteria
, which, in evolutionary terms, suggests that it may precede protein phosphorylation. N ε -acetylation results in gain-of-function and loss-of-function effects. In the case of gain-of-function effects, acetyl-Lys-containing regions may be recognized by bromodomains in a way that is conceptually similar to the recognition of phosphopeptides by various protein modules 134 . The loss-of-function modification prevents the use of the amino group for different functional purposes. For example, acetylation of a key Lys residue inactivates acetyl CoA synthetase
. Acetylation also blocks the amino group from undergoing other modifications such as methylation, ubiquitylation and sumoylation 130 . Furthermore, acetylation and neighbouring modifications may counteract or cooperate with one another 130 . Nature Reviews | Molecular Cell Biology 
ZnF-UBP
A ubiquitin-binding zinc finger that is present in HDAC6 and several ubiquitin-specific proteases.
human HDAC6 (ref. 26) is almost identical in macaques (GenBank accession number XP_001101619) and highly conserved in horses (GenBank accession number XP_001493915), but is only partial in mice, implying that this domain is specific to higher mammals. The other class IIb member, HDAC10, has an N-terminal half that is highly similar to the first deacetylase domain of HDAC6, whereas the C-terminal half is Leu rich (fIG. 1b) . Although there are no invertebrate orthologues, a distant relative exists in zebrafish (Supplementary information S2c (figure)), which indicates that HDAC10 might have a vertebrate-specific role. However, little is known about its actual biological function.
HDAC11 as a highly conserved deacetylase. The class IV member HDAC11 shows sequence similarity to class I and II HDACs 32 (fIG. 1c) . It is highly conserved from C. elegans and D. melanogaster to humans (Supplementary information S1 (figure)), and there are also related proteins in bacteria 16 and plants (Arabidopsis thaliana HDA2). HDAC11 is sometimes referred to as a class I member, but phylogenetic analysis indicates that this deacetylase and its homologues belong to a separate class 16 . Little is known about its function or regulation, but its evolutionary conservation implies that it has a fundamental role in diverse organisms.
Structures of Zn

2+
-dependent deacetylase domains. Crystal structures have been solved for the catalytic domains of class I member HDAC8 (refs 25,33) , class II member HDAC7 (Protein Data Bank ID 2NVR) and two bacterial deacetylases 34, 35 . These four structures are extremely similar and comprise a single α/β domain composed of an eight-stranded β-sheet that is sandwiched between >12 α-helices (also see Supplementary information S3 (figure)). The catalytic centre contains a zinc ion that is chelated by side chains of His and Asp residues. These structures indicate that the deacetylase domains from Class II is further divided into two subclasses: IIa (HDAC4, -5, -7 and -9) and IIb (HDAC6 and -10). The total number of amino acid residues in each deacetylase is shown on the right. Many of the deacetylases have isoforms that result from alternative splicing; for simplicity, the number of amino acids refers to the longest isoform. The deacetylase (DAC) domain is depicted as an orange cylinder, and the percentage amino acid sequence identity/similarity to that of Rpd3 (for class I) or Hda1 (class II/IV) is shown. The sequence identity/similarity of Hda1 and HDAC11 to Rpd3 is given in brackets. The C-terminal domains (grey) of Hda1 and Clr3 are homologous (identity/similarity: 26/57%). Thick black lines represent similar N-terminal domains and C-terminal tails of class IIa HDACs. Myocyte enhancer factor-2 (MEF2)-binding motifs are depicted as short green cylinders, whereas 14-3-3 binding motifs are shown as short blue cylinders labelled with 'S' (for Ser). Clr3, cryptic locus regulator-3; Hda1, histone deacetylase-1; H. sapiens, Homo sapiens; Rpd3, reduced potassium dependency-3; S. cerevisiae, Saccharomyces cerevisiae; SE14, Ser-Glucontaining tetradecapeptide repeats; S. pombe, Schizosaccharomyces pombe; ZnF, ubiquitin-binding zinc finger. 
Chromodomain
Originally identified as a 37-amino-acid-residue chromobox shared by the heterochromatin protein HP1 and the polycomb protein Pc2, it has subsequently been found in many other chromatin regulators and recognizes methyl-Lys protein motifs.
Mating-type gene
One of a number of genes in the yeast chromosome that control the sexual fate of the yeast cell.
these family members share not only sequence similarity but also overall tertiary structure. Therefore, additional domains and motifs, as well as sequence divergence within the deacetylase domains, form the molecular basis for the unique subunit associations and biological function of each individual family member (see below).
Multiple class I HDAC complexes
With the exception of HDAC8, all class I members can function as the catalytic subunits of multiprotein complexes (TABLe 1 and Supplementary information S4  (table); S5 (table) ). In mammals, HDAC1 and HDAC2 interact with one another and form the catalytic core of several multisubunit complexes 11 . This core is present in the mammalian Sin3, nucleosome remodelling deacetylase (NuRD) and corepressor of Re1-silencing transcription factor (CoReST) complexes (TABLe 1 and  Supplementary information S5 (table) ). one common feature of these complexes is that they interact with DNA sequence-specific transcription factors to repress transcription and cooperate with other chromatin modifiers to shape epigenetic programmes 11 . Some subunits of the complexes have the ability to bind to chromatin or remodel it (TABLe 1) , which provides an important platform for coordinating deacetylase functions with other chromatin-regulating mechanisms.
As discussed below, another common feature of these HDAC complexes is that sANT domain-containing subunits stimulate deacetylase activities 36 .
Sin3 complexes from fungi and plants to mammals.
S. cerevisiae Rpd3 forms large and small Sin3 complexes, known as Rpd3L and Rpd3S, respectively 10, [37] [38] [39] [40] (TABLe 1  and Supplementary information S4 (table) ). Rpd3L typically contains the subunits Ume1, Sds3, Sap30 and Pho23 (an inhibitor of growth (ING) protein). DNAbinding proteins, such as the zinc-finger repressor Ume6, target Rpd3L to specific loci for transcriptional repression 41 . Rpd3S shares Sin3 and Ume1 with Rpd3L, but also contains two unique subunits, eaf3 and Rco1 (refs 38,39) . eaf3 contains a chromodomain for recognizing K36-methylated histone H3 and recruits Rpd3S to nucleosomes that have been methylated by the Set2 histone methyltransferase 38, 39, 42 . The recognition efficiency depends on the plant homeodomain (PHD) finger of Rco1 (ref. 43) . Whereas Rpd3L deacetylates histones at promoter regions, Rpd3S targets transcribed regions to suppress intragenic transcription initiation 38, 39 . S. pombe has three Sin3 orthologues (Pst1, -2 and -3), two of which have been shown to form deacetylase complexes (TABLe 1) . Pst1 associates with Clr6 to form two slightly different complexes 21 , both of which share two other subunits, Sds3 and Prw1; however, only one of the complexes contains the ING protein Png2. These complexes silence mating-type genes and are required for cell viability. Pst2 forms a third Clr6 complex with Prw1 and two PHD-finger-containing proteins, one of which has a helicase domain. This complex reverses K9 acetylation of histone H3 and blocks antisense transcription 21 . 45 . The Sin3B complex shares some similarity to the Sin3A complex but might also contain distinct subunits 46 . Sin3 homologues are present in C. elegans, D. melanogaster and A. thaliana (TABLe 1) , which indicates that similar complexes might exist in various eukaryotes.
Metazoan and plant Mi-2/NuRD complexes. NuRD contains a catalytic core of HDAC1, HDAC2, RbAp46 and RbAp48 (refs 44,47) (TABLe 1 and Supplementary information S5 (table) ). In addition, this complex contains MTA (metastasis-associated) proteins, the nucleosomeremodelling ATPase Mi-2 (dermatomyositis-specific autoantigen), MBD2 (methyl CpG-binding domain-2) and p66. Through MBD2, this complex is recruited for DNA methylation-dependent gene silencing. It also associates with the methylated DNA-binding proteins MeCP1 (methyl CpG-binding protein-1) and MeCP2, suggesting that this complex is more involved in DNA methylation than was previously thought 47, 48 . Three mammalian MTA isoforms (MTA1, -2 and -3) have been identified 47 that contain SANT domains, which are crucial for the integrity and deacetylase activity of NuRD. Mi-2 and p66 have α-and β-isoforms, enabling the formation of distinct complexes. NuRD subunits have been identified in C. elegans, D. melanogaster and A. thaliana (TABLe 1) . Similar complexes probably exist, therefore, in animal and plant kingdoms.
Box 2 | Acetylation inhibits acetyl CoA synthetase from bacteria to humans
Acetyl CoA synthetase (Acs) is a ubiquitous metabolic enzyme that is conserved from bacteria to humans, and that is responsible for the conversion of acetate to acetyl CoA. In 2002, Acs from Salmonella enterica was discovered to be acetylated on K609, a key catalytic residue 135 . This modification inhibits the enzymatic activity, thereby regulating the growth of S. enterica on propionate and at low concentrations of acetate (these are used as carbon and energy sources). K609 is evolutionarily conserved in related enzymes, implying that this regulatory mechanism is important in different organisms. Indeed, the Acs orthologues in Bacillus subtilis and mammals are similarly modified [136] [137] [138] . Two acetylation-deacetylation systems are known to regulate acetylation in bacteria: Pat (protein acetyltransferase) and CobB (cobalamin biosynthetic gene product B, a Sir2 homologue) in S. enterica, and the acetoin utilization A (AcuA) and AcuC proteins in B. subtilis 136 (see figure) . AcuA and AcuC show some sequence similarity to yeast Gcn5 and Rpd3, respectively 136 . In addition to AcuC, other bacterial proteins show sequence similarity to members of the Hda1/Rpd3 family 16 . Although the functional significance of this similarity remains to be addressed, it implies that this family has a role even in prokaryotes.
CoREST complex. Initially identified as a corepressor of the transcriptional repressor ReST 49 , CoReST is a component of an HDAC1-HDAC2 complex that is referred to as a neuronal corepressor complex [50] [51] [52] (TABLe 1 and Supplementary information S5 (table) ). one subunit, BHC110 (also known as KIAA0601), has an FAD-binding domain with sequence homology to maize polyamine oxidase 51 . This subunit was recently shown to be a demethylase for K4-methylated histone H3 and was therefore renamed Lys-specific demethylase-1 (LSD1) 53 . The CoReST complex promotes nucleosomal deacetylation through its SANT domains 54 . Interestingly, histone demethylation stimulates the deacetylase activity, which, in turn, is required for optimal demethylation, indicating that the two activities are interdependent 55 . CoReST subunits have been found in C. elegans and D. melanogaster (TABLe 1) , but not in fungi or plants. This complex might, therefore, be specific to metazoans, which is consistent with its primary role in repressing neuronal gene expression.
HDAC3 complexes: from flies to men. Biochemical purification of HDAC3 uncovered an unexpected link to two homologous transcriptional corepressors, nuclear receptor corepressor (N-CoR) and silencing mediator of retinoic acid and thyroid hormone receptors (SMRT) [56] [57] [58] (TABLe 1 and Supplementary information S5 (table) ). Conversely, HDAC3 was identified through affinity purification of both corepressors [59] [60] [61] . The N-CoR and SMRT corepressors stimulate the deacetylase activity of HDAC3 through their SANT domains 62 , which are highly conserved in SMRTeR, the D. melanogaster homologue of SMRT and N-CoR. An HDAC3 orthologue exists in D. melanogaster, suggesting that SMRTeR might form a functional deacetylase complex. Similar proteins are absent from C. elegans and plants, so HDAC3 complexes might only be conserved from flies to mammals.
Yeast and metazoan class II HDAC complexes
Yeast Hda1 self-associates and forms a tetrameric complex with Hda2 and Hda3, in which both are important for the deacetylase activity 63 . Hda2 and Hda3 homologues are present in Candida albicans, but not in S. pombe or higher organisms. Instead, Clr3 forms a quartet core complex in S. pombe 64 . one subunit, Mit1, contains a PHD finger and a helicase domain, thus conferring both deacetylase and chromatin-remodelling activities within one complex 64 (somewhat reminiscent of the NuRD complex in metazoans). The Clr3 complex is recruited to euchromatic and heterochromatic loci for transcriptional gene silencing through Mit1, a heterochromatin protein-1 (HP1) homologue and a telomere-binding protein 64 .
Non-catalytic subunits of Hda1 and Clr3 complexes are not conserved in metazoans, so these complexes might be specific to fungi. This is consistent with the fact that metazoan class II HDACs have unique domains and motifs that are absent in Hda1 and Clr3 (fIG. 1 and Supplementary information S1 (figure)). Indeed, affinity purification of mammalian class IIa HDACs identified 14-3-3 proteins 65 , a kinase 66 , a phosphatase 66 and HSP70 (e.S. and X.J.Y., unpublished observations), whereas HDAC6 was found to associate with cytoskeletal proteins and chaperones 67, 68 . As discussed below, the kinase and phosphatase, as well as 14-3-3 proteins, have a key role in regulating the subcellular trafficking of class IIa HDACs, whereas the association partners of HDAC6 shed light on its important functions in the cytoplasm.
Class IIa HDACs as signal transducers HDAC4, -5, -7 and -9 have unique motifs for MeF2 and 14-3-3 binding (fIG. 1b) . Depending on the cellular context, mammalian class IIa members can exist in the nucleus and the cytoplasm 14, 15, 26 . They contain intrinsic nuclear import and export signals for dynamic nucleocytoplasmic trafficking (fIG. 2a) , so the association of partners might alter this equilibrium and the subsequent subcellular distribution. Diverse signalling stimuli function through this equilibrium to control the repression activity of these HDACs (for example, to inhibit MeF2-dependent transcription), which establishes them as novel signal transducers (fIG. 2) .
Nucleocytoplasmic trafficking mediated by 14-3-3. MeF2 binds to class IIa HDACs and promotes their nuclear localization. By contrast, 14-3-3 proteins stimulate the cytoplasmic retention of class IIa HDACs in a phosphorylation-dependent manner 15, 26 . HDAC4 contains three 14-3-3-binding sites, S246, S467 and S632, all of which are conserved in HDAC5, -7 and -9 (fIG. 1b) . only S246 and S467 seem to be functional in HDAC5 and HDAC9 (refs 69,70) , whereas a fourth site might be important in HDAC7 (ref. 71) (fIG. 1b) . Mutational analysis revealed that the S246 site of HDAC4 is the most important 15, 26 . This site is conserved in C. elegans and D. melanogaster (fIG. 1b and Supplementary information S1b ( figure) ). Both 14-3-3 binding and the presence of a nuclear export signal are necessary for the cytoplasmic localization of HDAC4 and paralogues in mammals. The mechanistic impact of 14-3-3 binding is multifaceted (fIG. 2) . First, the S246 site is adjacent to the nuclear localization signal (NLS; fIG. 2a) , so 14-3-3 might impede the access of the nuclear import receptor importin-α/β to the NLS. Second, 14-3-3 binding might provide a signal in trans to promote the nuclear export of class IIa HDACs. Third, 14-3-3 binding affects the subnuclear distribution of class IIa HDACs. For example, upon binding to 14-3-3 proteins, an HDAC9 isoform lacking the deacetylase domain and nuclear export signal disperses from nuclear punctae into a uniform nuclear distribution 72 . Similarly, 14-3-3 binding to C. elegans HDAC4 (Supplementary information S1a (figure)) does not seem to promote cytoplasmic localization 73 , perhaps owing to the lack of a nuclear export signal in this deacetylase. Fourth, 14-3-3 association protects HDAC7 from proteasomal degradation 74, 75 , which contributes to its cytoplasmic accumulation. Finally, 14-3-3 binding sites are subject to reversible phosphorylation. By binding to phosphorylated residues, 14-3-3 binding might occlude phosphatases and therefore inhibit dephosphorylation, which might function as a feed-forward reinforcing mechanism 71 . figure) ), and most of the kinases have orthologues in invertebrates, which suggests that these regulatory mechanisms might be evolutionarily conserved. Consistent with this, the salt-inducible kinase orthologue KIN-29 in C. elegans phosphorylates HDAC4 (Supplementary information S1 (figure) ) and promotes 14-3-3 binding 73 . Thus, the nuclear function of class IIa HDACs seems to be regulated by different signalling pathways through reversible phosphorylation at 14-3-3 binding sites. In this regard, these deacetylases function as novel signal transducers, similar to the STAT and SMAD signal-responsive transcription factors (fIG. 2b) . Mapping out events that occur upstream of these kinases (fIG. 2a) will be necessary to determine how the regulation is integrated in cellular signalling networks under various physiological and pathological contexts.
Kinases and phosphatases for class
Regulation of class IIa HDACs by other methods.
In addition to the site-specific phosphorylation described above (fIG. 2a) , class IIa HDACs are subject to ubiquitylation and sumoylation 74, 86, 87 . Ubiquitylation promotes protein degradation 74, 75 , but the functional consequence of sumoylation is less clear 86, 88 . HDAC4 sumoylation is extremely efficient, which makes it a potentially important modification. In addition, this deacetylase is subject to non-reversible processing. For example, caspase cleavage produces an HDAC4 fragment that corresponds to the N-terminal 289 residues 89, 90 , within which there is a transcriptional repression domain 26 . Moreover, alternative splicing of HDAC9 mRNA produces isoforms that also contain this N-terminal repression domain 87 . The HDAC4 fragment and some of the HDAC9 isoforms have an intact MeF2-binding site and can still function as transcriptional corepressors, which supports the hypothesis that class IIa HDACs can repress transcription independently of their cryptic deacetylase activity, owing to the aforementioned Tyr→His substitution 28, 29 . Regulation of this enzymatic activity could be a potentially important mechanism. Furthermore, whereas HDAC4 expression is controlled by microrNA 91 , transcription of HDAC9 mRNA is regulated by a negative-feedback loop in which HDAC9 represses its own promoter 92 . Therefore, class IIa members are signalresponsive transcriptional corepressors, the functions of which are tightly controlled in multiple ways.
HDAC6 as a key cytoplasmic regulator
Whereas the nuclear function of class IIa members is well established, their role in the cytoplasm (if any) is unclear. By comparison, the class IIb member HDAC6 is functionally important in this compartment and is predominantly (if not exclusively) cytoplasmic 31 . This finding has led to the simple hypothesis that HDAC6 has functions that are unrelated to histone modification, and available results convincingly support this theory. Indeed, multiple cytoplasmic processes seem to be regulated by HDAC6 (fIG. 3) . , microtubule affinity-regulating kinase (MARK), salt-inducible kinase (SIK), checkpoint kinase-1 (CHK1) and other kinases) mediate specific phosphorylation of human histone deacetylase-4 (HDAC4) on three 14-3-3-binding sites. Myosin phosphatase-targeting subunit-1 (MYPT1)-protein phosphatase-1β (PP1β) and PP2A can also act on these sites. The association of 14-3-3 proteins with HDAC4 retains it in the cytoplasm and prevents its interaction with transcription factors such as myocyte enhancer factor-2 (MEF2), thereby releasing these transcription factors for transcriptional activation. This model can also be extended to other class IIa members, although some of the kinases and phosphatases have only been shown for HDAC4, -5, -7 and/or -9 (see main text for references). The sequence surrounding the major 14-3-3-binding site (S246, indicated in red) of HDAC4 is compared with the corresponding regions of its paralogues (HDAC5, -7 and -9) as well as orthologues from Drosophila melanogaster (dHDAC4) and Caenorhabditis elegans (cHDAC4). Other residues that are crucial for phosphorylation and 14-3-3 binding are highlighted in green. This 14-3-3 site constitutes a sequence conservation island 139 . The nuclear localization signal (NLS), which can be impeded by 14-3-3 binding, is also shown. Grey shading denotes residues that are highly conserved. b | Signal-responsive transcriptional repression by HDAC4 (left) is analogous to transcriptional activation by transforming growth factor-β (TGFβ)-stimulated SMADs (middle) and cytokine-activated signal transducer and activator of transcription (STAT) proteins (right). 14-3-3 proteins bind to HDAC4 and retain it in the cytoplasm, thereby inhibiting its corepressor activity; upon dephosphorylation, HDAC4 translocates to the nucleus for transcriptional repression. For simplicity, only two 14-3-3 molecules are shown. This schematic also applies to HDAC5, -7 and -9. DAC, deacetylase domain; LKB1, Ser-Thr kinase-11; NES, nuclear export signal; P, phosphorylation; PKA, protein kinase A; PKC, protein kinase C. 
Microtubule
A hollow tube, 25 nm in diameter, that is formed by the lateral association of 13 protofilaments, which are themselves polymers of α-and β-tubulin subunits.
Chemotaxis
A type of migration that is stimulated by a gradient of a chemical stimulant or chemoattractant.
Immune synapse
A junction that forms at the contact region between a T cell and its target cells. T-cell activation occurs here.
F-actin
(filamentous actin). A flexible, helical polymer of G-actin (globular actin) monomers that is 5-9 nm in diameter.
AAA+ family of ATPases
A superfamily of ATPases that are associated with various cellular activities. They have one or two nucleotide-binding domains ('AAA modules'), which often form ring-like oligomers and function as chaperones in diverse cellular processes.
HDAC6 regulates cytoskeletal dynamics. HDAC6 has been shown to function as an α-tubulin deacetylase [93] [94] [95] , and it associates with microtubules and colocalizes with a microtubule motor complex 93 . exogenous expression of HDAC6 leads to global deacetylation of α-tubulin, and RNA-interference-mediated knockdown of HDAC6 increases α-tubulin acetylation. ectopic expression of HDAC6 also promotes chemotaxis 93 , which indicates that HDAC6-mediated deacetylation probably regulates microtubule-dependent cell mobility. In addition, HDAC6 might regulate cell adhesion 96 , the formation of the immune synapse 97 and motor-mediated cargo transport along microtubules 98, 99 . HDAC6 also has an unexpected role in the reabsorption of primary cilia of mammalian cells 100 . Similar to most HDACs, HDAC6 is a phosphoprotein 101 . Phosphorylation by Aurora A kinase activates the tubulin deacetylase activity of HDAC6 and promotes ciliary disassembly 100 . HDAC6 therefore has roles in various microtubule-dependent cytoplasmic processes.
The filamentous (F)-actin-binding protein cortactin also interacts with HDAC6 and functions as its substrate 68 .
As shown for α-tubulin, exogenous expression of HDAC6 leads to cortactin hypoacetylation, whereas inhibition of the deacetylase activity results in hyperacetylation. Independently, cortactin was identified as an acetylated protein in a proteomics study (M. Yoshida, personal communication). Interestingly, HDAC6 alters the ability of cortactin to bind f-actin by modulating the charge in the repeat region of cortactin and, in this way, modifies cell movement 68 . Therefore, in addition to its role in controlling microtubule-dependent cell motility, HDAC6 also seems to influence actin-dependent cell motility.
HDAC6 deacetylates HSP90.
The heat shock chaperone protein HSP90 also associates with HDAC6 and is a bona fide cytoplasmic substrate 102, 103 . HDAC6 is required for HSP90-dependent activation of the glucocorticoid receptor (GR). Treatment of cells with an HDAC6-sensitive deacetylase inhibitor or small interfering RNA-mediated knockdown of HDAC6 causes HSP90 to dissociate from p23 (a co-chaperone) and GR 102 . Studies in a cell-free system showed that HDAC6 promotes the assembly of stable HSP90-GR heterocomplexes but does not affect the intrinsic properties of GR 104 . Moreover, depletion of HDAC6 induces HSP90 acetylation and reduces its association with the leukaemic tyrosine kinase Bcr-Abl 103 . HSP90 acetylation also regulates the kinase activity of CHK1 (ref. 105) . Because a large number of other proteins (including many protein kinases that are involved in oncogenesis) require HSP90 for their maturation and function, it will be exciting to examine whether HSP90 deacetylation is important for their regulation. Although the list of cytoplasmic substrates of HDAC6 will probably continue to grow, the issue of whether this deacetylase has a nuclear role awaits further investigation 31 . HDAC6 and ubiquitin-dependent pathways. HDAC6 from mouse testis associates with the mammalian homologue of yeast Ufd3 (ubiquitin fusion degradation protein-3) and p97 (also known as valosin-containing protein; VCP) 31, 67 , a member of the AAA+ family of ATPases. Strikingly, the C-terminal zinc finger of HDAC6 efficiently interacts with ubiquitin, which causes HDAC6 to dissociate from the protein complex 31 . These results indicate an unexpected role for HDAC6 in ubiquitin-dependent pathways.
The expression of misfolded proteins in cells often leads to the formation of aggresomes 106 , a process that is facilitated by the delivery of misfolded proteins to these inclusion bodies by dynein-dependent transport on microtubules 106 . HDAC6 is a component of the aggresome, and treatment of cells with a proteasome inhibitor results in the accumulation of HDAC6 in polyubiquitin-containing aggresomes 107 . Mechanistically, HDAC6 associates with dynein motors and functions as an adaptor to link these motors to ubiquitylated misfolded proteins for delivery to aggresomes and degradation by the proteasome 107 . p97 disrupts HDAC6-ubiquitin complexes and counteracts the ability of HDAC6 to promote the accumulation of Figure 3 | HDac6 is a major deacetylase in the cytoplasm. Through its tandem deacetylase (DAC) domains, histone deacetylase-6 (HDAC6) deacetylates α-tubulin, cortactin and HSP90 (heat shock protein-90) to regulate cell motility, cilium assembly, cell adhesion, the immune synapse, macropinocytosis, maturation of the glucocorticoid receptor (GR) and activation of some protein kinases. HDAC6 may also deacetylate the type I interferon receptor (IFNαR) 132 . Additional cytoplasmic substrates are likely to be identified. The functional significance of HDAC6 in deacetylating histones remains to be established, and further investigation is needed to determine the roles that HDAC6 may have in the nucleus. Through its ubiquitin-binding zinc finger (ZnF), HDAC6 binds to ubiquitin and regulates aggresome formation, autophagy, activation of heat-shock factor-1 (HSF1) and platelet-derived growth factor (PDGF)-induced macropinocytosis.
Inclusion body
An insoluble aggregate of misfolded proteins. Inclusion bodies are common in prokaryotes and in the brains of patients with triplet-repeat diseases.
Dynein
A microtubule-based molecular motor that moves towards the minus end of microtubules.
Kinesin
A microtubule-based molecular motor that is most often directed towards the plus end of microtubules.
Autophagy
A pathway for the recycling of cellular contents, in which materials inside the cell are packaged into vesicles and then targeted to the vacuole or lysosome for bulk turnover.
Macropinocytosis
A form of regulated endocytosis that involves the formation of large endocytic vesicles after the closure of cell-surface membrane ruffles. polyubiquitylated proteins 108 . Although the deacetylase activity of HDAC6 was found to be required for aggresome formation 107 , two recent studies showed that tubulin acetylation or HDAC6 inhibition accelerates dynein-and kinesin-mediated transport 98, 99 .
Further support for the proposal that HDAC6 is essential for efficient management of cytotoxic proteins is provided by two recent studies suggesting that HDAC6 increases the clearance of various substrates through autophagy 109, 110 , a lysosome-mediated degradation pathway. Impairment of the ubiquitin-proteasome system induces autophagy, and this induction rescues the neurodegeneration that is associated with such impairment 109 . exogenous expression of HDAC6 alone compensates for an impaired ubiquitin-proteasome system and rescues neurodegeneration by autophagy 109 . exactly how HDAC6 accelerates the turnover of misfolded proteins by autophagy is not known. Whatever the mechanism, it is clear that HDAC6 has a key role in the cellular clearance of misfolded proteins by different pathways and might be a potential therapeutic target for neurodegenerative diseases. By associating with HSP90 and binding to ubiquitin, HDAC6 functions as a sensor for ubiquitylated protein aggregates to regulate the activation of heat-shock factor-1 (HSF1) during stress responses 111 . Moreover, HDAC6 is an essential component of stress granules 112 . This deacetylase, therefore, has key roles in different levels of cellular responses. HDAC6 might also regulate cytoplasmic processes such as macropinocytosis Rpd3/Hda1 family members in development Gene inactivation analyses of some class I and II members in C. elegans, D. melanogaster and mice have not only revealed important roles for HDAC1, -2 and -3 and class IIa members in different developmental processes, but have also raised the important issue of how to correlate these developmental functions with results from biochemical and cell-based assays. The findings from the gene inactivation analyses are summarized in TABLe 2 and Supplementary information S6 (table) , but some important points are noteworthy. First, as described above, HDAC1, -2 and -3 are catalytic subunits of multiprotein proteins (TABLe 1) , so in addition to the deacetylases themselves, genetic analyses of associated subunits are informative about the functions of different deacetylase complexes (TABLe 2) . Second, global deletion experiments have revealed that the functions of mouse HDAC1 and HDAC2 differ during development and in cultured tumour cells, suggesting that these two deacetylases do not always remain together as a catalytic core. Third, deletion of Sds3 or Sin3A (both of which are subunits of class I HDAC complexes; TABLe 1) affects K9 methylation of histone H3 and the distribution of HP1 within the nucleus, indicating that K9 deacetylation is a prerequisite for subsequent methylation. This notion is well established in S. pombe 21, 64 , and provides further support for an intimate connection between histone deacetylation and methylation. And finally, all four members of class IIa have been subjected to gene targeting in mice, with the resultant phenotypes being linked to MeF2 (TABLe 2) , thereby indicating that the MeF2-HDAC axis (fIG. 2b) operates in many tissues in addition to muscle 114 . Implications for disease and therapy As described above, studies in cell-based and animal models have shed important light on the potential involvement of the Rpd3/Hda1 family members in the pathophysiology of human diseases. Indeed, HDAC2 has been linked to tumorigenesis in colorectal cancers and increased expression of this deacetylase has been found in most human colon cancer explants 115 . In addition, a frameshift mutation, which causes the loss of HDAC2 and confers resistance to HDAC inhibition, has been detected in some human cancers 116 . Members of the Rpd3/Hda1 family have also been implicated in neuropathological conditions. Accumulating data indicate a key role for HDAC6 in neurodegeneration. It is required for aggresome formation and is present in Lewy bodies that are associated with neurodegenerative disorders such as Parkinson's disease and dementia 107 . The impairment of autophagy resulting from decreased HDAC6 activities might predispose individuals to neurodegeneration 109 . By contrast, HDAC6 inhibition promotes tubulin acetylation and facilitates microtubule-based vesicle transport, thereby compensating for the transport deficit in Huntington's disease 99 . Thus, functional roles of HDAC6 may vary in different pathological states. overall, compared to the rapidly accumulating knowledge about the cellular and developmental roles of the Rpd3/Hda1family of deacetylases, much less is known about their direct and specific roles in human pathology. Additional studies are also required to extrapolate results accurately from animal studies to humans and to determine how different HDACs might be altered or mutated in different types or stages of diseases.
Classical HDAC inhibitors have the potential to be therapeutic and chemopreventive agents for cancer 19, 117 , neurodegenerative disorders 20 , heart disease 70 , muscular dystrophy 118 , spinal muscular atrophy 119 and transplantation intolerance 120 . Attesting to this potential, one such inhibitor was recently approved for treating cutaneous T-cell lymphoma 19 . Most of the inhibitors that are currently available display limited selectivity towards Rpd3/ Hda1 family members in humans, raising the important question about the identity of the deacetylase(s) that are actually targeted in vivo. The target might not be any of the class IIa members because knockout studies suggest that their activation may be beneficial (TABLe 2) . HDAC6 has an important role in the management of misfolded proteins, so its activation may also be beneficial (fIG. 3) . However, it positively regulates cell motility and the activation of some oncogenic kinases, and its inhibition accelerates microtubule-based vesicle transport, so this deacetylase could be one in vivo target. other candidates include class I members. If the inhibitor targets HDAC1 or HDAC2, then the question is which deacetylase complex is the authentic target in patients? of relevance is the fact that RNA-interference-mediated knockdown of HDAC1 in D. melanogaster and mammalian cells recapitulates some effects of the HDAC inhibitor trichostatin A on cell-cycle progression 121, 122 . In terms of designing new HDAC inhibitors, are isoform-specific compounds preferable to inhibitors that target all classical HDACs? With regards to isoformspecific intervention, would it be more reasonable to target the signalling pathways that control HDAC functions? each HDAC has multiple substrates (such as those for HDAC6; fIG. 3) or binding partners (such as MeF2 and 14-3-3 for class IIa HDACs; fIG. 2) , so the interaction interface might be a suitable intervention point for designing selective inhibitors.
It is important to note that the actual in vivo target may vary in various diseases and in different pathological stages. Because the inactivation of some classical HDACs is detrimental under certain conditions, small-molecule activators may have therapeutic potential 26 . Because many of the deacetylases are evolutionarily conserved (fIG. 1 and Supplementary information S1 (figure)), different model organisms provide economical alternatives for screening HDAC modulators and testing novel strategies for therapy and prevention.
Conclusions and perspectives
Since the identification of the first HDACs in 1996, additional members of the Rpd3/Hda1 family have been identified in various organisms (fIG. 1, Supplementary information S1 ( figure) and BOX 2) . There are 11 family members in humans and, with the exception of HDAC8, all class I members form multisubunit complexes (TABLe 1) . These complexes show different patterns of evolutionary conservation and carry out key roles in deacetylating histones, interacting with other chromatin regulators and shaping epigenetic programmes. Genome-wide localization maps have been generated for classical HDACs and components of their multisubunit complexes in yeast 18, 43, 64 and should function as valuable guides for further identification and characterization of similar complexes in multicellular organisms. Class I deacetylases also target non-histone substrates
, but further characterization is needed to address how the deacetylase complexes are involved.
Members of class IIa function as novel signal transducers to repress transcription in a phosphorylation-dependent manner (fIG. 2a) . They are positioned at a central interface between signalling and gene regulatory networks (fIG. 2b) . For example, the MeF2-class IIa HDAC axis has a key role in regulating signal-dependent gene expression and cell differentiation in various tissues 114 . The class IIb member HDAC6 is a major deacetylase in the cytoplasm, using its ubiquitin-binding domain as a stress sensor (fIG. 3) . HDAC8 and HDAC10 appear to be specific to deuterostomes and vertebrates, respectively, whereas HDAC11 is conserved even in invertebrates and plants. Compared with other mammalian HDACs, much less is known about functions of these three deacetylases.
Classical HDACs and some of their associated subunits have been subjected to gene inactivation analyses in mice (TABLe 2) , as well as in C. elegans, D. melanogaster and zebrafish (Supplementary information S6 (table) ). one challenge is to correlate the resulting phenotypes with data from biochemical, molecular and cellular studies.
A coherent and integrated picture from numerous studies will not only provide a valuable guide for identifying and characterizing related human diseases, but will also form an important basis for rational drug design. Global or tissue-specific gene knockout in mice tends to provide information that is related to early development, whereas human diseases often develop in the late stages of life. Therefore, time-specific gene inactivation or knockdown is expected to greatly extend our understanding of human pathology and to efficiently mimic the effects of HDAC inhibition to identify the best in vivo targets for developing new generations of HDAC inhibitors.
Recent proteomic studies have identified a diverse array of N ε -acetylated proteins [123] [124] [125] , but the responsible enzymes are largely unknown. There are also acetylationlike modifications such as formylation 126 and propionylation 127, 128 . Moreover, protein O-acetylation has just been reported 129 , and an HDAC-like bacterial protein displays intrinsic esterase activity 30 . These exciting discoveries make us wonder whether we are still at the dawn of a new era for protein acetylation research. How the Rpd3/ Hda1 family is involved in deacetylating newly identified N ε -acetylated proteins, controlling O-acetylation and lysine acetylation-like modifications, and interacting with other post-translational modifications, such as methylation, phosphorylation, ubiquitylation and sumoylation, is an exciting question that awaits further investigation. Answers to this question will provide rich and novel insights into the fundamental issue of how members of the Rpd3/Hda1 family are involved in shaping 'histone code-like' regulatory programmes that have evolved from bacteria and yeast to mice and men.
